Background-Main pulmonary artery diameter (mPA) and ratio of mPA to ascending aorta diameter (ratio PA) derived from chest CT are commonly reported in clinical practice. We determined the age-and sex-specific distribution and normal reference values for mPA and ratio PA by CT in an asymptomatic community-based population. Methods and Results-In 3171 men and women (mean age, 51Ϯ10 years; 51% men) from the Framingham Heart Study, a noncontrast, ECG-gated, 8-slice cardiac multidetector CT was performed. We measured the mPA and transverse axial diameter of the ascending aorta at the level of the bifurcation of the right pulmonary artery and calculated the ratio PA. We defined the healthy referent cohort (nϭ706) as those without obesity, hypertension, current and past smokers, chronic obstructive pulmonary disease, history of pulmonary embolism, diabetics, cardiovascular disease, and heart valve surgery. The mean mPA diameter in the overall cohort was 25.1Ϯ2.8 mm and mean ratio PA was 0.77Ϯ0.09. The sex-specific 90th percentile cutoff value for mPA diameter was 28.9 mm in men and 26.9 mm in women and was associated with increase risk for self-reported dyspnea (adjusted odds ratio, 1.31; Pϭ0.02). The 90th percentile cutoff value for ratio PA of the healthy referent group was 0.91, similar between sexes but decreased with increasing age (range, 0.82-0.94), though not associated with dyspnea. Conclusions-For simplicity, we established 29 mm in men and 27 mm in women as sex-specific normative reference values for mPA and 0.9 for ratio PA. (Circ Cardiovasc Imaging. 2012;5:147-154.)
acquisition, women were nonpregnant, and all participants weighed less than 350 pounds due to MDCT scanner specifications. The institutional review boards of the Boston University Medical Center and Massachusetts General Hospital approved the study, and all subjects provided written consent.
Of the 3529 participants scanned (1418 from second generation, 2111 from third generation), 3496 participants attended Offspring examination 7 or Gen 3 examination 1. Of the 3496 participants, 325 (9%) had incomplete CT datasets and did not include the mPA or uninterpretable CT exams secondary to motion artifact. Thus, analysis of pulmonary and aortic dimensions was performed in 3171 participants of the overall study cohort.
The standard clinic examination at the Offspring seventh cycle or Third-Generation first examination cycle included a physician interview, a physical examination, and laboratory tests. Body mass index (BMI) and body surface area (BSA) were calculated from weight and height, which were measured at each index examination. Obesity was defined as a BMI Ͼ30 kg/m 2 . Hypertension was defined as systolic blood pressure of at least 140 mm Hg, diastolic blood pressure of at least 90 mm Hg, or use of antihypertensive drug treatment. Participants were considered to be current smokers if they smoked at least 1 cigarette per day for the last year. Chronic obstructive pulmonary disease (COPD) was defined as an FEV 1 / FVC ratio Ͻ0.70 with FEV 1 Ͻ80% of predicted, consistent with Global Initiative for Chronic Obstructive Lung Disease stage 2 or higher, as previously described. 9, 10 Adult-onset diabetes mellitus was defined as a fasting glucose Ն126 mg/dL at a Framingham examination or treatment with either insulin or a hypoglycemic agent. Dyslipidemia was defined as total cholesterol of at least 240 mg/dL or use of lipid-lowering drug treatment. The clinical symptom of dyspnea was based on participant self-report.
Cardiovascular disease (CVD) is considered to have developed if there was a definite manifestation of coronary heart disease (CHD), intermittent claudication, congestive heart failure (CHF), or stroke or transient ischemic attack in the absence of a previous manifestation of any of these diseases. Subjects are diagnosed as having developed CHD if one of the following definite manifestations of CHD: myocardial infarction, coronary insufficiency, angina pectoris, sudden death from CHD, or nonsudden death from CHD. A definite diagnosis of CHF requires that a minimum of 2 major or 1 major and 2 minor criteria be present concurrently. The presence of other conditions capable of producing the symptoms and signs are considered in evaluating the findings. Major criteria include paroxysmal nocturnal dyspnea or orthopnea; distended neck veins (in other than the supine position); rales; increasing heart size by radiography; acute pulmonary edema on chest radiography; ventricular S(3) gallop; increased venous pressure Ͼ16 cm H 2 O; hepatojugular reflux; pulmonary edema, visceral congestion, cardiomegaly shown on autopsy; and weight loss on CHF Rx: 10 lb/5 days. Minor criteria include bilateral ankle edema; night cough; dyspnea on ordinary exertion; hepatomegaly; pleural effusion by radiography; decrease in vital capacity by one-third from maximum record; tachycardia (120 beats per minute or more); and pulmonary vascular engorgement on chest radiography. CVD end points were determined prospectively by a 3-physician end point panel, using criteria as previously described. 11 A history of pulmonary embolism (PE) or heart valve surgery was obtained from participant report to the examining physician.
CT Data Acquisition
Subjects were imaged on an 8-slice MDCT scanner (LightSpeed Ultra, General Electric, Milwaukee, WI) with prospective ECG triggering during a single breath-hold in mid-inspiration (typically 18 seconds), using sequential data acquisition. Before the scan, a test breath-hold was performed to ensure compliance. Scans were prospectively initiated at 50% of the R-R interval, which has been widely used for MDCT based measurements of coronary calcium scan and has been shown to provide the best average image quality for MDCT-based data acquisition. 12 Forty-eight contiguous 2.5-mmthick slices (120 kVp, 320/400 mA (for Ͻ220 and Ͼ220 pounds of body weight, respectively), gantry rotation time of 500 ms, and corresponding temporal resolution of 250 ms were acquired. The effective radiation exposure was 1.0 -1.25 mSv for 320 mA and 400 mA; respectively. Images were reconstructed using a field of view of 35 cm.
CT-Based Measurements of Pulmonary and Aortic Diameter
The CT scans were read independently by 4 experienced readers for the pulmonary and aortic dimensions, using a dedicated offline cardiac workstation (Aquarius, Terarecon, San Mateo, CA). Specifically, the transverse axial diameter of the main pulmonary artery and the ascending aorta at the level of the bifurcation of the right pulmonary artery were measured ( Figure 1 ). The ratio PA was calculated as the ratio of the mPA to the ascending aorta diameter (Ao). Measurement reproducibility determined by 2 independent readers in a random sample of 92 subjects were excellent for interobserver and intraobserver variability (interobserver intraclass correlation coefficient: mPAϭ0.90, Aoϭ0.98, and ratio PAϭ0.92; intraobserver intraclass correlation coefficient: mPAϭ0.97, Aoϭ0.99, and ratio PAϭ0.96, all PϽ0.0001; respectively).
Statistical Analysis
Descriptive statistics were expressed as meanϮSD for continuous variables and as frequency and percentages for nominal variables. A healthy reference sample was created by excluding individuals with any of the following conditions from the overall study sample: obesity, hypertension, current and former smokers, COPD, history of PE, diabetes, CVD, and heart valve surgery. For each dichotomous risk factor, the Student t test was used to compare participants with "cardiopulmonary risk factors" (CPRF) on mean mPA and mean ratio PA. To assess the relationship between mPA and ratio PA with age, we used sex-specific Pearson correlation. We used unadjusted and age-and sex-adjusted ANOVA to compare mean mPA and mean ratio PA between the healthy referent cohort and nonreferent cohort. We determined the distributions (the 25th, 50th, 75th, and 90th percentiles within age-and sex-specific strata) of mPA and ratio PA measurements in the healthy reference sample and in the overall cohort. We defined abnormally high mPA and ratio PA as exceeding the 90th percentile healthy referent sex-specific cut-point 13 and used Student t test and 2 or Fisher exact test to compare the clinical characteristics between groups, as appropriate. We used logistic regression to determine the association of abnormally high mPA and ratio PA to prevalent dyspnea in a cross-sectional manner. A 2-sided P value Ͻ0.05 was considered to indicate statistical significance for all tests. Table 1 depicts the clinical characteristics of the entire imaged cohort of 3171 men and women in the Framingham Heart Study for whom we performed the pulmonary artery and aortic measurements. The mean age was 51 years; 51% were men, with nearly a third of participants found to be obese and have hypertension. Nearly half of the subjects were current or former smokers, but only few had manifest COPD (5.5%) or had a history of PE (0.7%). The mPA diameter of the entire cohort was 25.1Ϯ2.8 mm and the mean ratio PA was 0.77Ϯ0.09.
Results

Cohort Characteristics
Also shown in Table 1 are the characteristics of the healthy referent group of 706 participants (mean age of 46 years and 50.1% men).
Relationship of mPA and Ratio PA With Cardiopulmonary Risk Factors
As shown in Table 2 , the mPA was larger on average in men than women and in participants who had presence of a CPRF, whereas the ratio PA, which was slightly increased in men as compared with women, was also lower in participants with risk factors for vascular disease.
For age, a positive but very weak correlation was detected with mPA (men: rϭ0. 10 In comparing the healthy referent group (nϭ706) with the nonreferent group (nϭ2465), the mean mPA was larger in the nonreferent group (25.2Ϯ2.9 mm) as compared with the healthy referent group (24.7Ϯ2.9 mm, PϽ0.0001). This difference in mPA size between groups persisted even after adjusting for age and sex (25.2Ϯ2.9 mm versus 24.8Ϯ2.9, PϽ0.0001). The ratio PA was marginally smaller in the nonreferent group as compared with the healthy reference group (unadjusted: 0.76Ϯ0.09 versus 0.80Ϯ0.09, age-and sex-adjusted: 0.76Ϯ0.08 versus 0.78Ϯ0.09, all PϽ0.0001; respectively).
The distributions of mean mPA and ratio PA for the healthy referent cohort is shown in Table 3 .
In the healthy reference cohort (Table 3) , the mPA diameter showed small differences within age strata and were smaller in women than in men (90th percentile cutoff for men ranged from 28.0 -29.2 mm and for women ranged from 26.6 -27.4 mm). The sex-(but not age-) specific 90th percentile was 28.9 mm in men and 26.9 mm in women. From the entire imaged cohort, 438 participants (14.0%) had abnormal mPA value above these 90th percentile sex-specific cutpoints. The proportion of patients with enlarged mPA values is illustrated by deciles of age, for both men and women, in Figure 2A . Patients with enlarged mPA values had generally more CVD risk factors, prevalent CVD, and dyspnea than those without enlarged mPA (Table 4) . Interestingly, no difference in prevalence of COPD was seen between patients with and without enlarged mPA (Pϭ0.22).
From the 90th percentile values in the healthy referent cohort (Table 3) , there is a decrease in the ratio PA with BSA indicates body surface area; BMI, body mass index; HTN, hypertension; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; CVD, cardiovascular disease; CHD, coronary heart disease; CHF, congestive heart failure.
*Healthy referent cohort consisted of participants in the CT study free of obesity, HTN, current and past smokers, COPD, history of pulmonary embolism, DM, CVD, and prior heart valve surgery.
increasing age with similar values for men and women. Based on the healthy referent group, whereas the sex-specific 90th percentile cutoff value was 0.91 in both men and women, for simplicity, we used 0.9 as the cut-point. From the entire cohort, 226 participants (7.1%) had ratio PA value above the 0.9 cut-point. The proportion of patients with ratio PA values greater than 0.9 is shown by deciles of age, for both men and women, in Figure 2B . Despite more CVD risk factors, especially smoking history, there was no significant difference in prevalent COPD, CVD, or dyspnea between participants the ratio PA above and below 0.9 (Table 4) . Table 5 shows the distribution of mPA and ratio PA for the entire Framingham cohort.
Association of mPA and Ratio PA With Dyspnea
Using the sex-specific 90th healthy referent percentile cutoff, more participants with abnormal mPA (26%) had self-reported dyspnea on exertion than those with normal mPA (20%; odds mPA indicates main pulmonary artery diameter; ratio PA, ratio of diameters of mPA to ascending aorta; HTN, hypertension; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; CVD, cardiovascular disease; CHD, coronary heart disease; CHF, congestive heart failure. ratio, 1.35; 95% confidence interval, 1.07 to 1.70; Pϭ0.01. This difference persisted after age and sex adjustment (odds ratio, 1.33; 95% confidence interval, 1.05-1.68; Pϭ0.02).
The ratio PA was not significantly associated with selfreported dyspnea for either the cutoff value of 0.9 or the traditionally used value of 1.0 (all PϾ0.40). 1,3,4
Discussion
The mPA and ratio PA are 2 measurements that are clinically relevant to cardiopulmonary disease and that are easily and reproducibly obtained in noncontrast chest CT. The use of a large population based samples is essential for establishing accurate normal biometrics for cardiac or chest CT. Using a CT study in the community-based Framingham cohort, we note significant differences in mPA and/or ratio PA according to obesity, hypertension, history of COPD or pulmonary embolism, adult onset diabetes, dyslipidemia, and prevalent CVD. Using a healthy referent sample without cardiopulmonary risk factors or disease, we establish a 90th percentile sex-specific cutoff value for mPA for men of 29 mm and for women, 27 mm. We found an association with dyspnea in participants with enlarged mPA using these cutoff values. Similarly, we also establish a cutoff value for ratio PA as 0.9 for both women and men. The ratio PA decreased similarly in both men and women and was smaller with increasing age strata in the healthy referent sample, though no association was found with dyspnea. The strength of our study is the large size of the cohort and uniform patient population.
We chose to measure and report the simple measurement of axial mPA diameter at the level of the bifurcation of the right pulmonary artery because this landmark is easy to define anatomically, rendering it highly reproducible. At that location, the ascending aorta can be easily measured to provide a quick calculation of the ratio PA. A sex-specific but not age-specific cutoff values for the mPA were selected due to the very weak correlation found in men and no correlation in women between age and mPA in the healthy referent group. Moreover, although we observed a positive correlation between mPA diameter with both height and BSA, these data are not routinely available for chest or cardiac imagers at time of image interpretation and would limit its clinical utility.
This simple mPA measurement was larger in the nonhealthy referent group as compared with the healthy referent group. A similar pattern is seen in participants with presence of CPRF as compared with those without (Table 2 ). In contrast, the ratio PA was negatively correlated with age, with very weak to no correlation to height and BSA. The ratio Mean and percentiles of mPA diameter and ratio PA by mean age in men and women in the healthy referent sample. The healthy referent cohort excludes obesity, hypertension, current or past smokers, chronic obstructive pulmonary disease, history of pulmonary embolism, diabetics, cardiovascular disease, and heart valve surgery.
mPA indicates main pulmonary artery diameter; ratio PA, ratio of diameters of mPA to ascending aorta.
Figure 2. Percentage of participants in the entire Framingham
Heart Study above the healthy referent 90th percentile sexspecific cut-point for main pulmonary artery (mPA) (A) and ratio PA Ͼ0.9 (B) as stratified by age and sex.
PA was smaller in the nonhealthy referent group as compared with the healthy referent group with a similar pattern; this is seen in participants with presence of CPRF as compared with those without. This pattern probably is driven by the enlarging aortas commonly observed in the elderly population. 14 Several small studies have suggested that an enlarged mPA may predict the presence of pulmonary hypertension, with CT-based cutoff values ranging from 28.6 -33.2 mm. 1, 3, 7, 15, 16 However, diagnostic accuracy is variable depending on the patient selection and cut-points used, with modest sensitivities ranging from 54 -87% and higher specificities of 63-95% for detecting pulmonary hypertension, particularly when higher cutoff values were used. 1, 3, 5, 7, 15, 16 Our results are consistent with the prior smaller studies and we extend the mPA indicates main pulmonary artery diameter; ratio PA, ratio of diameters of mPA to ascending aorta; BSA, body surface area; BMI, body mass index; HTN, hypertension; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; CVD, cardiovascular disease; CHD, coronary heart disease; CHF, congestive heart failure. Mean and percentiles of mPA diameter and ratio PA by mean age in men and women of entire study cohort. mPA indicates main pulmonary artery diameter; ratio PA, ratio of diameters of mPA to ascending aorta.
literature by providing sex-specific CT normative values for mPA diameter. In comparison with other noninvasive modalities, our CT cutoff values are similar to the 28 mm cutoff value of MRI, 17 while the upper limit of normal is 21 mm by echocardiography. 18 Since both CT and MRI are more comparable modalities to visualize the pulmonary artery than echocardiography, our sex-specific CT values may be used for MRI also, if measured at the same slice location. Though we did not directly compare subjects with and without pulmonary hypertension, we did find that participants with self-reported dyspnea were more likely to have abnormal mPA diameter. Abnormal mPA may be used as a positive indicator for identifying possible subclinical disease but should be prospectively validated. With respect to the ratio PA, it is generally accepted that at the level of the bifurcation of the mPA, the ascending aorta is larger in diameter than the mPA in normal persons. Thus, a ratio PA of greater than 1 is often used to suggest pathology. 1, 3, 4 In our healthy referent sample, we found that the 90th percentile mean ratio PA ranged from 0.82-0.94, depending on age, and was similar in men and women. Interestingly, the observation that the ratio PA was smaller in older participants may be driven by progressive aortic enlargement with increasing age. Although in a small study of 50 patients, the ratio Ͼ1 was found to be predictive of pulmonary hypertension, 4 a larger study of 190 patients with pulmonary embolism showed only modest diagnostic accuracy with sensitivity 59% and specificity 82% for predicting moderate to severe pulmonary hypertension (defined as pulmonary artery systolic pressure of Ͼ50 mm Hg by echocardiography). 16 We did not find an association with dyspnea when using either the 90th percentile cutoff value of 0.9 or the commonly used ratio of 1.0 for ratio PA. Given the lack of association with symptoms, the clinical utility of the ratio PA may be less useful than mPA.
Potential Clinical Significance
These 2 simple measurements may hold some promise for the preclinical diagnosis for the "silent diseases" of the cardiopulmonary system, such as early pulmonary arterial hypertension or early left heart disease (pulmonary venous hypertension) or a mixed process. Pulmonary hypertension patients may be clinically quiescent for years until diagnosis, when symptoms develop and irreversible changes to the pulmonary vasculature have incurred. It is associated with a high morbidity and mortality and affects a heterogeneous group of patients with increasing prevalence with advancing age. 19 However, this disease entity remains largely underreported and the time of symptom onset with dyspnea or shortness of breath to actual diagnosis is often prolonged and delayed (Ϸ2 years), occurring in the latter stages of the disease spectrum. 19 Once progression of disease results in cor pulmonale and right heart failure, irreversible changes have occurred and prognosis drastically worsens. Definitive diagnosis by invasive right heart catheterization is required for the direct measurement of the pulmonary artery pressures and is the gold standard for detection of this disease. 20 The current noninvasive modality used to suggest the presence of pulmonary hypertension is the transthoracic echocardiogram, which can provide an estimate of the pulmonary artery systolic pressure by evaluation of the tricuspid jet velocity. 20 Our study is important in that it establishes a standard normative reference value for mPA size and ratio PA by CT. Future studies should aim at determining if these parameters may represent subclinical disease.
Limitations
There are several limitations notable for this study. The CT scan study is limited by its cross-sectional study design and our findings should be prospectively tested. Due to the very limited data regarding the correlation to pathological conditions, it should be emphasized that at the present time there is only limited evidence for using these data as "cutoff" values. Dyspnea was based on self-report and thus its association should be interpreted as hypothesis generating and cannot be deemed as conclusive. Validation with right heart catheterization for pulmonary artery pressures would be ideal, though such invasive procedures are not feasible in a large population-base asymptomatic cohort. Participants from the Framingham Heart Study are predominantly white in ethnicity and thus the reference values reported in this analysis may not be applicable to other racial groups. Confirmation of these 2 simple metrics in a more diverse population would be of interest. We recognize that PA and aorta size may be variable, depending on body size, and, although indexing to BSA may provide incremental value, 14 most chest CT performed in the clinical setting would not include this data and thus would have less clinical applicability.
Conclusion
In noncontrast MDCT, both mPA and ratio PA measurements are easily obtained and highly reproducible. Using the 90th percentile, the sex-specific cutoff value for mPA for men is 29 mm and for women is 27 mm and for ratio PA is 0.9 for both sexes. Enlarged mPA is associated with multiple CVD risk factors and prevalent CVD as well as with dyspnea. Our findings are an important beginning of a more complete understanding of the variability of PA measurements and how they may correlate with cardiopulmonary disease.
